Fac xades are not watertight systems in which the exterior surface of the cladding plays the role of the water shedding surface; the air space is the drainage plane; the exterior surface of the thermal insulation layer acts as water-resistive barrier, and the interior layer of the inner leaf is supposed to be the air barrier. The degree of watertightness of ventilated fac xades relies on the characteristics of the materials used, the geometry of the external cladding element, and edge profile of the joints. Hence, in this article, we extrapolate the laboratory testing to develop a holistic approach on the water management of ventilated fac xades. The laboratory test showed that 50% of the water deposited to the surface of the wall splashes back, 22% creates a runoff film along the exterior surface of the cladding, 27% infiltrates into the cavity behind the cladding, and \1% reaches the inner layer of the wall. Given these results, the moisture load has been determined for a range of wind-driven rain loads and vertical joint configurations. Such information can be used as input to hygrothermal simulations.
Introduction

General
In contrast to traditional drained or screened walls (unventilated walls, vented walls, and cavity walls), the cladding of ventilated fac xades 1 is formed by independent pieces that are assembled using the open joinery system. This open joinery enables a full ventilation of the air cavity. Alternatively, a cavity wall has vent openings at the top and bottom to promote some air circulation (Straube and Finch, 2009) . And a vented wall only has vent openings at the bottom of the wall, usually provided for drainage (Straube and Burnett, 1999) .
According to ETAG 034 (2012), ventilated fac xades consist of an external cladding, mechanically fastened to a framework by means of anchorage points (see Figure 1 ). The framework is fixed by brackets to the external wall of new or existing buildings. Between the cladding and the external wall an air gap is left. Note Figure 1 . Parts of a rear-ventilated fac xade: (1) cladding, (2) air space, (3) framework: 3a-vertical profile and 3b-horizontal profile, (4) thermal insulation layer, (5) substrate wall, (6) anchor, and (7) bracket. Source: ETAG 034 (2012) .
that irrespective of the definition provided in ETAG 034 (2012), the fixation method to the framework can also be adhesive or mechanical and adhesive (Lahoz, 2014) . An insulation layer is usually attached to the external wall. Between the cladding elements and the insulation layer, there is an air space of at least 30 mm (CTE DB-HS1, 2013) , which must always be drained and ventilated. Claddings that are not airtight provide enhanced protection from the effects of weathering (ETAG 034, 2012) .
Ventilated fac xades, in an EU context, are the result of the adaptation of the rainscreen concept to multilayer envelopes (Paricio and Pardal, 2014) . Johansson (1946) first made reference to a rainscreen as ''a water-repelling screen fitted to a brick wall applied so that water vapor coming from within is automatically removed by ventilation of the wall and screen.'' According to AAMA CW-RS-1-04 (2012), the ''rainscreen'' represents the outer surface of a wall or wall element, and the ''rainscreen principle'' is a principle of design that prescribes how penetration of this screen by rainwater may be prevented. Garden (1963) utilized the concept ''open rainscreen principle'' as a way to prevent through-wall penetration of rain by incorporating an air chamber into the wall where the air pressure can be equalized to that on the outside. However, design principles and the practice of rainscreen claddings were first studied by Anderson and Gill (1988) . These authors distinguished between drained and screened cavities from ventilated and pressure moderated cavities. The drained and screened wall assemblies rely on the cavity to permit the drainage and the drying out of any residual amounts of water that may inadvertently infiltrate into the cavity. Alternatively, ventilated and pressure moderated cavity wall employ drainable compartmentalization to limit water penetration and facilitate rapid pressure equalization across the rainscreen. Hence, the open rainscreen principle (in the EU, referred to as ventilated fac xades) entails the control of all the forces acting to drive water through openings in the cladding and that can be managed by a drained cavity wall in addition to minimizing air pressure differences acting across the cladding (Rousseau, 1990) .
Ventilated fac xades are conceived as pressure equalized rainscreen (PER) walls. The pressure difference across the rainscreen is typically lower than 25 Pa under static conditions (Rousseau et al., 1998) , regardless of the applied pressure differential across the wall assembly. As the exterior pressure is not constant, the pressure in the cavity will also vary depending on the degree of pressure moderation. Even in static conditions, airflow in the cavity may arise from lateral air movements within the cavity as may occur when air is drawn from the perimeter of the wall due to suction arising from the leeward flow of air on adjacent walls. This is a situation where lateral air movement within back-ventilated cavities depends on the direction of the wind acting on the fac xade. The predominant parameters affecting the degree of pressure equalization are the degree of airtightness of air barrier system (ABS) and the volume of the compartments in the ventilated air cavity. A lack of pressure equalization (inadequate compartmentalization) may induce higher wind loads on the fac xade components and as well change the overall watertightness of the wall system. The fire safety constraints (spread of the flame due to the chimney effect) should also be considered in the compartmentalization of the air cavity. Given that there are few methods, guidelines, or standards that permit determining how and where to compartmentalize cavities, in practice, ventilated fac xades are not typically compartmentalized. In this context, Ferna´ndez-Madrid (2010) stated that the air cavity ought to be vertically compartmentalized in 2-or 3-m-wide lateral stripes, apart from the corners. Along the horizontal, it was suggested that each floor or at least every two floors should be compartmentalized. In addition, there is a lack of data regarding the (a) behavior of PER walls in real conditions when they are built with open joint claddings, (b) degree of pressure equalization of PER walls during rain events (Van Den Bossche, 2013) , and (c) influence of pressure equalization on achieving watertightness in wall assemblies (Van den Bossche, 2013) .
According to Rousseau et al. (1998) , PER walls are not only about pressure equalization across the rainscreen. Other forces are at work as well, and their control is part of the PER wall strategy for rain penetration control in exterior walls. The degree of watertightness of ventilated fac xades relies on the characteristics of the materials used, the geometry of the external cladding element, and the edge profile of the joints. As such, ventilated fac xades incorporate water management features into the design and construction (drained and screened walls), unlike perfect barrier systems and traditional construction (brick and stone masonry ''mass buffered'' or vented walls). However, whichever water management features are present, the hygrothermal performance of the whole enclosure system might nonetheless not work properly due to, for example, improper design of construction details, construction flaws in the fac xade, or other gaps in a practitioner's understanding of the mechanisms of rain infiltration causing water to penetrate the interior wall assembly (Arce et al., 2015; Bøhlerengen et al., 2008; Chew, 2010; Grassi, 2000; Maffei and Boccaccini, 2002) . According to Bomberg et al. (1999) , failure of the wall assembly is recognized when water penetrates through an entire assembly to the inner surface of the wall or when the transmission of rainwater reaches a sensitive layer of the wall assembly and is likely to cause damage, degrade performance, or affect its durability (long-term performance).
The cladding of ventilated fac xades is expected to deflect the largest portion of wind-driven rain that impinges on the exterior surface. Only a minimal portion infiltrates through the open joints or otherwise permeates toward the interior of the wall. This residual amount is either drained at the bottom of the wall, temporarily stored in materials, or dries out to the exterior and in some instances to the interior. In this way, the air gap of ventilated fac xades, as well as being a capillary break for rainwater, acts as a channel for drainage of infiltrated rainwater. So, the joints between panels must be designed to minimize water penetration caused by all the forces acting to cause water ingress, allow the contraction and expansion of panels due to temperature effects, and offer little resistance to airflow thereby promoting pressure equalization across the cladding.
The forces that drive water into open joint claddings are the kinetic energy of the raindrops (direct entry), surface tension, gravity, pressure differences, local air currents, hydrostatic pressures, and capillary forces (Garden, 1963; Van den Bossche, 2013) . Of these actions, kinetic energy and pressure differentials are a function of weather events (Chew, 2001) as well as local air currents. The other actions are a function of material properties and the design of the joints. According to Mas et al. (2011) , the effects of capillary action and surface tension are less important in joints .0.8 cm. In such instances, the primary forces affecting water ingress are gravity and kinetic energy. similar approaches to quantify water infiltration rates through intentional deficiencies and defects in the building envelope.
However, the effect of rainwater infiltration through open joints is less well known (e.g. Avellaneda, 1982; Ferna´ndez-Madrid, 2010; Herbert and Harrison, 1974; Huedo et al., 2010; Isaksen, 1965; Mas et al., 2011; Seo and Yoda, 1972) . In addition, the research of these authors has only focused on the rainscreen cladding elements and the geometrical parameters of the joint, not on the performance of the entire fac xade system, that is, rainscreen, subframe, air cavity, and inner leaf. Consequently, only the amount of water infiltrated into the air cavity was evaluated, not the amount of water reaching the back wall (exterior surface of the thermal insulation layer). This is evidently important because the rate of rainwater reaching the back wall constitutes the moisture load to the wall assembly as a whole. Isaksen (1965) is the exception, although he presented rather qualitative results on the amount of water reaching the back wall. Furthermore, very few data have been published that quantifies the amount of water that has infiltrated through open vertical or horizontal joints of ventilated fac xades. Hence, it can be surmised that the watertightness performance of ventilated fac xades is still unclear (Pardal and Paricio, 2006) . Indeed, there is a lack of knowledge concerning both the basic principles that govern the design of features for water management of walls and reliable quantitative data that validate these principles.
Apart from the lack of experimental work to quantify water infiltration of wall assemblies, there are as well few construction guidelines (Cahier 3194, 2000; Cahier 3316, 2001; Johanson and Seifert, 2003; Montero, 2007; NF-P 65-202:2014 NF-P 65-202: , 2014 Pardal and Paricio, 2006; Romila, 2013) or sector documents that relate specifically to the design of ventilated fac xades (Asociacio´n Espan˜ola de Fabricantes de Azulejos y Pavimentos Cera´micos (ASCER), 2013; Fundacio´n Centro Tecnolo´gico do Granito de Galicia (FCTGG), 2012; Montero, 2007) , unlike that for external thermal insulation composite system (ETICS), brick cavity walls, or flat roofs.
In essence, there is to date, little information published about the proportion of rain that impinges on and thereafter infiltrates the wall cladding and subsequently reaches the back wall. Moreover, these loads have not yet been clearly determined for a range of wind-driven rain loads. Consequently, standards used to evaluate the moisture performance of wall assemblies prescribe a default value in the absence of these quantitative data (e.g. ASHRAE Standard 160, 2016).
Objective
With the intent of providing a better-defined and more in-depth understanding of the overall performance of ventilated fac xades systems to wind-driven rain and driving rain wind pressures, research was performed based on previous work undertaken by Arce et al. (2015) . The result from this study culminated in a proposed classification of the different pathways for rainwater ingress by which water is managed. These classification stages are subsequently explained in the description of the methodology for assessing the watertightness performance of ventilated wall systems as provided below. Thereafter, a hypothesis is developed for water management of a ventilated fac xade system. On this basis, a laboratory test procedure was designed to assess the watertightness performance of a full-scale ventilated fac xade test specimen. A description of the test specimen and test procedure is provided in the section on experimental work. Thereafter, the results of laboratory watertightness experiments are presented. Finally, the discussion focuses on the effects of different design parameters on the extent of rainwater penetration within the wall system, for example, the use of vertical and/or horizontal joints in the cladding layout or the use of vertical profiles behind vertical joints. Furthermore, a comparison was made among the different wetting levels and their implications on the watertightness and water management of the wall system.
Note that the work is limited to the evaluation of the fac xade system when subjected to wind-driven rain and driving rain wind pressures; it does not address hygrothermal effects. Nevertheless, standards intended for assessing the hygrothermal performance of wall assemblies (e.g. ASHRAE Standard 160, 2016) prescribe a moisture load that is 1% of the wind-driven rain load deposited on the exterior surface of the wall. This moisture load would be applied to the exterior vertical surface of the inner layer and on the water-resistive barrier. This percentage will necessarily be affected by the results presented in this article and that are derived from laboratory testing.
Methodology
First, a hypothesis was developed for the water management of the ventilated fac xade system. Thereafter, a full-scale mock-up of the fac xade system was designed and built in the laboratory according to the manufacturer's instructions. The configuration of the test specimen enabled conducting watertightness tests at several different airtightness levels by means of adjustable openings in the ABS. Thus, the effect of air airtightness of the wall on water infiltration rates was studied. The water ingress through open vertical and horizontal joints was collected for each airtightness level and measured using a gutter system. This gutter system was specially designed, built, and installed in the mock-up test specimen. Water was drained from the gutters to collection buckets whose weight was recorded continuously over time. A laboratory test procedure was then designed to evaluate and quantify the water management for this fac xade system. The test specimen was subjected to a constant water spray rate while an air pressure differential was applied across the wall and stepwise increased in 150 Pa steps. This watertightness test procedure was repeated several times, with the water deposition rates modified as were other design parameters of the test specimen. Finally, the results obtained were analyzed and compared to the hypothesis for water management.
Description of levels
A methodology comprising a range of wetting stages was developed to evaluate the water management features for ventilated fac xades. In the model, the possible pathways for water ingress within the wall system are classified by means of wetting stages ranging from I to VII. This classification scheme can be used for any type of ventilated fac xade system and enables a more systematic means to evaluate how water is managed in a wall system. An example of its implementation is depicted in Figure 2 . Note that the proposed stages are closely related to fac xade construction details. More specifically, these gather the type of panel fastening system to the secondary structure. As such, Stage I (SI) is composed of rainwater runoff along the exterior surface of the cladding; Stage II (SII) represents the rainwater runoff or drainage in vertical joints; Stage III (SIII), stagnant water on the top face of the panel; Stage IV (SIV), rainwater runoff along the interior surface of the cladding; Stage V (SV), stagnant water collected along horizontal rails, when present; Stage VI (SVI), rainwater runoff along the exterior face of the vertical profiles; and finally, Stage VII (SVII), rainwater runoff along the exterior surface of the thermal insulation layer. Runoff water running down the exterior surface of the insulation and infiltrating the backside of this layer would represent Stage VIII (SVIII).
Water management hypothesis
The case study was composed of aluminum vertical ''T'' profiles and horizontal ''C'' rails as secondary structure, concealed clasps as the fastening system, and fiber cement panels as cladding material (see Figure 3) . The panels were suspended on the ''C'' rails by means of built-in clasps. These were fixed to the panels by undercut anchors. The ''C'' rails were screwed to ''T'' profiles, which were fastened to the interior leaf by aluminum brackets. The wall specimen was intended to be representative of a ventilated fac xade system with the exception of the use of a transparent acrylate sheet (polymethyl methacrylate, PMMA) of 1 cm thickness being used as a proxy for a brick masonry wall as interior layer. The PMMA sheet also replaced the thermal insulation layer. The brackets, which support the vertical profiles, were fixed to a wood frame installed behind the PMMA sheet.
The water management hypothesis is shown in Figure 3 . It is supposed that wind-driven rain will in fact directly enter the air cavity through the horizontal joints between panels. Thereafter, rainwater infiltrating through horizontal joints can flow freely down the interior surface of the panels inside the air cavity by gravity alone (Stage IV). It is also possible that raindrops having sufficient kinetic energy could reach the exterior surface of the PMMA sheet (Stage VII) as there is no single element blocking the openings of horizontal joints or deflecting water at that point. Wind-driven rain could also impinge on the top border of the panel (Stage III), bouncing off the surface and being redirected anywhere inside the cavity or even splashing onto the PMMA sheet (Stage VII).
Rainwater impinging on the exterior face of the panel (Stage I) will trickle down by gravity reaching the lower border. Then, it might flow sideways along the lower face by surface tension and drip down in Stage III by gravity. The thickness of the panels is so small that most of the runoff water reaching the top border (Stage III) might drip off and flow down along the exterior surface of the panel (Stage I) or along the backside (Stage IV) by gravity. It is highly unlikely that it remains stagnant on that face. When the water running down the rear face of the panels (Stage IV) comes in contact with the built-in clasp, capillary suction might force it to fill the gaps within the bolt and the undercut anchor, providing the panels with a source of moisture for a prolonged period of time.
However, the kinetic energy of wind-driven raindrops will allow water infiltration through vertical joints (Stage II). If water will reach the exterior surface of the PMMA sheet (Stage VII) or if it will simply impinge on the surface of the vertical profile (Stage VI) depends on the kinetic energy of individual droplets and the presence of vertical profiles behind the vertical joint. Rainwater impinging on the surface of the vertical profile (Stage VI) will trickle down by gravity until it reaches the closest horizontal rail. Then, it can flow downward through the contact interface between the vertical and horizontal profiles by gravity (Stage VI), or it can get retained between contact surfaces (Stage VI) as capillary water. Rainwater can also infiltrate inside the horizontal rail (Stage V) through vertical joints, where it might remain stagnant or flow sideways when the rail is tilted or a pressure difference is applied or local air currents appear. These profiles also collect the rainwater flowing down by gravity at the backside of the panels (Stage IV). If this rainwater comes into contact with the screws, which attach the horizontal rails to the vertical profiles, it can be forced through the gap to the rod of the screw by means of capillary suction. Furthermore, wind pressure might force it to drip off on the backside of the vertical profile. When the rainwater that accumulates in Stage V reaches the connection between two horizontal rails by the action of localized air currents, or wind pressure, or indeed because of a slope, it might migrate downward likely being collected by the top face of the horizontal rail located below and causing a splash effect onto another surface of the system.
Experimental work
An experimental approach was adopted for implementing the proposed classification system and validating the above described hypothesis for water management. The fac xade system was evaluated on its ability to drain infiltrated water from the system and that had migrated to different stages (Stages I-VII; Figure 2 ). Evaluations were made using sprayed water to simulate wind-driven rain and pressure differences to mimic driving rain wind pressures. These parameters were set in the tests according to those prescribed in European watertightness test standards (EN 12865, 2001; EN 12155, 2000; EN 1027 EN , 2000 . The ''stack effect,'' as may occur in the air cavity depending on temperature differences across it and characteristic of these types of fac xades, was not reproduced during the tests. Usually, when there is a heavy downpour, the temperature differences are slight given the reduced solar radiation on the exterior surface of the cladding during such type of rain events.
Generic description of the test specimen and the gutter system
A wall system test specimen was designed and built using best construction practices and information extracted from the manufacturer's installation manual. The fabrication and testing was carried out in the laboratory facilities of Ghent University. The test specimen, which contained three columns and six rows of panels, was built into a steel frame of 196 3 228 cm 2 . The size of every panel was 63 cm long, 30 cm high, and 1.2 cm deep, and these were placed leaving 1 cm for vertical and horizontal joints. The total area of openings in the rainscreen was 1707 cm 2 . The vertical joints were built and designed differently to simulate the two possible conditions in the fac xade system: with (see (b) in Figure 3 ) and without vertical ''T'' profile behind the opening. A transparent acrylate sheet (PMMA) of 1 cm thickness replaced both the interior leaf and the thermal insulation layer and acted as the ABS of the test specimen. The use of a transparent sheet allowed the visual observation of water infiltration and the formation of rivulets. Having in fact used insulation would perhaps have affected the measurements due to water absorption, but evidently, this would not have provided visual inspection during testing. The air gap between the cladding and the ABS layer was approximately 10 cm deep, including the secondary structure and the fixing system. Note that the depth of the air cavity was a fixed parameter in the tests, but its impact on water infiltration rates within the cavity will be studied in the future. Nonetheless, it is expected that the shallower the air cavity gap, the more severe the effect of splash given that water droplets might have more velocity, greater flow, and a shorter trajectory.
The weight of the cement-based panels was measured before and after the watertightness tests to allow characterization of the absorption. The final measurements resulted in an average increase of 300g in each panel (7% of the initial weight). The panels absorbed a noticeable amount of water through the borders and at locations for the predrilled holes.
The entry of water at every stage was collected in a gutter system beneath the specimen. The splash and bounce effect was measured in a separated test sequence. As a result, it was seen that splash and bounce effect were not influenced by the pressure difference applied in front of the cladding, as could be expected. Furthermore, it was determined that 49.7% of the sprayed water splattered away from the surface. Thereafter, a revised gutter system was developed as shown in Figure 4 , where the gutter was located below the specimen. On one hand, a gutter (Gutter A3) was designed to collect the water infiltrating inside the air cavity through vertical and horizontal joints (Stages II, IV, V, and VI). On the other hand, water that reached the exterior surface of the PMMA sheet was directed to another gutter, referred to as Gutter A5. Gutter A5 collected water flowing down in Stage VII and that got thereby infiltrated through the open vertical joint, the open horizontal joints, or the brackets, as summarized in Table 1 . Both gutters, A3 and A5, were divided into two equal parts to study the water infiltration at each stage depending on the type of vertical joint.
The key to pressure equalization is a continuous air barrier on the interior surface of any pressure equalized component (Smegal, 2006) . The degree of airtightness of the ABS will affect the degree of driving pressure across the wall and, consequently, the rates of water infiltration. Therefore, the inner leaf of a ventilated fac xade should be airtight to limit the degree of water infiltration. However, an air leakage rate was introduced in the ABS of the test specimen to simulate poor workmanship. Note that in this study, the PMMA sheet was used as the ABS layer. The rate of air leakage in the fac xade system could be regulated by means of adjustable openings in the ABS. In total, three columns each having four 1-cm-diameter holes (area = 3.14 cm 2 ) were bored in the center of the ABS layer. In this way, the effect of having a range of different rates of airtightness on water infiltration rates could then be studied. As such, 12 circular holes provided reduced airtightness, whereas adequate to good airtightness was achieved by masking all 12 holes.
Summary of test protocol
The airtightness of the test specimen was evaluated using the laboratory test method for building components described in the standard EN 12114 (2000) . A set of 10 steps in pressure difference ranging from 50 to 800 Pa were applied across the test specimen first in over-pressure ( + ve) and later in under-pressure (2ve; suction) conditions. Nominal air leakage rates (at 50 Pa) of 1.67 6 0.06 m . Hence, the airtightness levels proposed for testing can be considered with regard to assessing watertightness as either the ''good'' or ''worse case'' scenarios.
The pressure equalization of the fac xade system was monitored during the watertightness tests by means of pressure taps. These pressure taps were placed in front of the cladding and inside the air cavity, in the middle area of the specimen. In this way, the pressure difference across the cladding was deduced by subtracting the values obtained at each pressure tap.
As the test protocol provided in EN 12155 (2000) is designed to provide qualitative information on the degree of watertightness, some modifications were made to the protocol to allow quantitative analysis of the results. According to the standard, the specimen is to be subjected to a continuous and constant film of water during a period of 15 min at no pressure difference. The outermost surface of the test specimen was sprayed by a line of nozzles spaced every 40 cm. In this instance, the cascade mode of water deposition was used as it is supposed that the water load on specimens with nonabsorptive claddings is independent of the vertical location of the spray rack on the specimen (Lacasse et al., 2009 ). Subsequently, the duration of pressure steps was modified to 15 min (instead of 5 min given in the standard protocol). The applied pressure steps were 150, 300, 450, 600, and 750 Pa. With regard to spray rates, all European standards use a water spray rate of 2 L/min m 2 in watertightness testing procedures. Nonetheless, Australian and New Zealand standards prescribe 3 and 3.4 L/min m 2 in ASTM E331. As the impact of the spray rate was one of the parameters to be evaluated, the tests were carried out for spray rates of 1.1, 2, and 2.9 L/min m 2 .
Results
In total, 12 watertightness tests were randomly conducted on the test specimen to assess the impact of the following parameters: (1) the ABS configuration and related degree of pressure equalization, (2) the influence of the water spray rate, and (3) how water entry rates change when (3a) horizontal joints were taped or (3b) vertical joints were taped. These different test parameters are given in Table 2 .
Results are reported in terms of water collection rates at each particular gutter: Gutter A3 (water infiltrating inside the air cavity) and Gutter A5 (water reaching the PMMA sheet), as provided in Table 1 . These gutters drained water to a set of collection buckets, whose weight was recorded continuously over time (see Figure 5 ). Note that the measurements had an accuracy of 0.1 g. This means that measuring 10 g involved 1% of uncertainty. The buckets and collection trays were designed to have the same absolute pressure as the location where water infiltrated into the cavity. Furthermore, the infiltration rates were not affected by the transitions in pressure differences nor changes in water levels of the respective buckets.
Comparison of rates of water entry to applied pressure differential, ABS configuration, and spray rates First, the impact on the rates of water collection at each collection location on the rate of water spray deposition on the specimen is reported given the level of airtightness in the setup. Figure 6 illustrates the entry rates inside the air cavity as a function of applied pressure differences at the exterior side of the cladding and at given levels of spray rates. These rates were obtained when considering the total amount of water collected below the open and closed vertical joints. As could be expected for a system with perfect pressure equalization, infiltration rates remain constant throughout all applied pressure differences at every given spray rate. No significant differences were obtained in the rates of water collection within the applied pressure differential steps (the p-value of the factor ''Pressure difference'' was 0.9765, from a multifactor statistical analysis of variance (ANOVA) using ''R'' software). When measuring the pressure difference in front of the cladding and inside the air cavity, the values obtained differentiated only 10 Pa at most at every pressure differential step applied for both configurations of the air barrier (sealed and leaky). Similarly, constant water entry rates onto the ABS layer are recorded for increases in applied pressure differences, as plotted in Figure 7 . Results are also provided for the two levels of airtightness (leaky and sealed) of the test setup. In this instance, a greater dispersion among measurements within spray rates and applied pressure differentials were obtained (see Figures 6  and 7) . The results showed no significant differences for the two configurations of the ABS as the p-value from the multifactor ANOVA was close to 1 (pvalue = 0.8319).
As the water infiltration rates were not dependent on pressure differences nor on the airtightness of the test specimen, they are plotted in Figures 8 and 9 as a function of water spray load on the specimen for the leaky configuration of the ABS. Significant differences on the infiltration rates were observed among the different levels for the factors ''spray rate'' and ''gutter''. The p-value was for both these factors very small (p-value = 2e216, from a multifactor ANOVA). Variations in collection rates in relation to the rate of water spray on the specimen are clearly evident in both gutters. Infiltration rates increase with spray rates, but doubling the spray rate does not lead to a corresponding twofold increase in infiltration rates. Nevertheless, it seems that the rise in water ingress into the air cavity is directly proportional to the spray rate among the different rates tested (Pearson's productmoment correlation = 0.998). For the water deposition rates to the surface of the PMMA sheet, these increases are slightly different for every spray rate (Pearson's product-moment correlation = 0.897), although the same relation holds.
When the water that was sprayed onto the exterior surface of the test specimen was related to the amount of water collected at any given stage, it was found that 49.7% of the water that was sprayed splashed back, 22.5% created a runoff film along the exterior surface of the cladding (Stage I), 0.5% reached the exterior surface of the thermal insulation layer (Stage VII), and 27.3% infiltrated into the air cavity (Stages II, IV, V, and VI) through open joints, as shown in Figure 10 . These values are deduced from the average infiltration rates obtained for every water spray load. It should be noted that a small part of water was lost in the process due to evaporation, adhesion to the surfaces and absorption, even though a supposedly impervious rainscreen was used.
Comparison of water entry for vertical joint design
In the previous figures, the total rate of water collection at every location was shown. Nevertheless, different collection trays were placed below the open and closed vertical joints at both locations during the execution of the entire water entry test program. Focusing on these results as an example, Figure 11 shows the rates of water collection for each tray in relation to the applied pressure differences across the cladding; these results are given for a water spray rate of 2 L/min m 2 and the leaky ABS configuration. Unexpectedly, water entry rates into the air cavity and onto the surface of the ABS layer were insensitive to the design of the vertical joint. Note that a vertical "T" profile was installed behind the vertical opening in the closed vertical joint, whereas the open vertical joint had no vertical profile behind. The percentage of total water that infiltrated into the air cavity and was measured in the tray below the open vertical joint ranged from 51.6% at 0 Pa to 51.4% at 750 Pa, whereas the percentage of the total water collected in the tray below the closed vertical joint was between 48.4% and 48.6% of the total. Slight differences were found in the amount of water reaching the exterior surface of the ABS layer. The presence of a vertical profile precludes the direct impingement of water droplets onto the surface of the ABS layer. Therefore, from 51% at 0 Pa to 55% at 750 Pa of the total amount of water reaching the ABS layer was measured below the open vertical joint and from 45% to 49% below the closed vertical joint. Hence, it seems that collection rates onto the ABS layer are highly dependent on the splash effect of water droplets.
Comparing water entry at vertical and horizontal joints
The predominant pathways for water entry at vertical and horizontal joints and the corresponding water infiltration rates are provided in Table 3 . In this table, the rate of water entry into the air cavity from vertical and horizontal cladding joints is provided as a function of applied pressure differences given a ''leaky'' ABS configuration at a spray rate of 2 L/min m 2 and for three conditions:
(1) (X): for which the horizontal joints of the cladding were taped with waterproof tape; (2) (Y) for which the vertical joints of the cladding were taped with waterproof tape; (3) No tape was placed at any joint. In this sense, the percentages used in studying the influence of vertical and horizontal joints have been calculated based on the addition of X and Y being 100%. As shown, the impact of taping the horizontal joints corresponds to a 97.9%-98.4% reduction of the infiltration rate inside the air cavity. However, the impact of taping vertical joints corresponds to a reduction ranging from 1.6% to 2.1%. Therefore, horizontal joints are the predominant pathway for water entry inside the air cavity, where close to 0.26 L/min of water infiltrated per linear meter of horizontal joint when the specimen was subjected to a spray rate of 2 L/min m 2 , regardless of the pressure difference. The water entry rate per linear meter of vertical joint under the same conditions is 0.01 L/min, almost 21 times smaller than the rate for the horizontal joint. Table 4 depicts the results obtained when measuring the water reaching the exterior surface of the ABS layer. Similarly, the test specimen is subjected to the same test conditions and configuration of the ABS as was provided for the measurements into the air cavity; an analogous result was obtained to that found for water entry to the air cavity. More water infiltrated per linear meter of horizontal joint compared to the vertical joint. However, the difference between infiltration rates through vertical and horizontal joints is smaller. The effect of taping the horizontal joints corresponds to 79.3%-88.1% reduction of the infiltration rates onto the exterior surface of the ABS layer. Alternatively, a reduction from 11.9% to 20.7% was obtained when taping vertical joints. Contrary to what happened for water that infiltrated into the air cavity, it seems that the presence of vertical and horizontal joints at the same time enhances infiltration rates onto the ABS layer. This may be due to higher airflow velocities on those areas combined with the splash and bounce effects of raindrops. Close to 0.003 L/min of water infiltrated per linear meter of horizontal joint when the specimen was subjected to a spray rate of 2 L/min m 2 . The water entry rate per linear meter of vertical joint under such conditions is 0.002 L/min, almost two times smaller than the rate for the horizontal joint.
Discussion
A ventilated fac xade has been studied with respect to water management by adopting a broad approach encompassing the entire enclosure system. In the specimen, the main elements and leafs of a ventilated fac xade (rainscreen + subframe + air gap + inner leaf) were replicated and their performance with respect to water management evaluated. Up to now, only studies related to the rainwater infiltration through the open joints of a rainscreen have been completed, and in these studies, the influence of the geometrical parameters of the joint on the infiltration rates was determined.
Apart from the expected levels, which are closely related to the runoff film, other ways for water to infiltrate onto the surface of the ABS layer have been observed, which were caused by the splattering effect. The splattering is likely to be different for any given type of ventilated fac xade due not only to different geometrical conditions but also different surface phenomena (Abuku et al., 2009 ). Hence, two wetting patterns were clearly differentiated:
(1) Isolated water droplets that spread along the surface of the ABS layer due to the splattering of water on the secondary structure. These water droplets reaching the ABS layer by splattering seemed to be of smaller diameter. A result in line with Abuku et al. (2009) , who stated that the specific catch ratio of small raindrops is widely distributed spatially unlike larger raindrops that are spatially rather uniform. Furthermore, these have less kinetic energy which promotes run down in rivulets. (2) In total, two rivulets were clearly identified on the ABS surface due to the infiltration of water through open joints. Rainwater droplets directly collided with the exterior face of the ABS layer through the first horizontal joint at the top of the setup and through the vertical joint without ''T'' profile (in the closed vertical joint, the ''T'' profile blocked its path). In the former case, water droplets created random and discontinuous rivulets as they reached the ABS layer by splattering the top and bottom borders of the panels. This pattern was not replicated in the following horizontal joints, which were just wetted by the runoff film. It means that water entry rates onto the ABS layer were highly sensitive to way of spraying the horizontal joint. In the latter case, a uniform and continuous rivulet was formed. However, the amount of water forming the rivulet was rather small; otherwise, higher differences would have been found between the two collection trays.
ASHRAE Standard 160 (2016) supposes a uniform distribution of the moisture load on the water-resistive barrier for reasons of simplicity. However, completely different wetting patterns of the water-resistive barrier were observed during tests due to the arrangement of the cladding. To what extent these factors might change water entry rates at particular locations, and consequently the moisture load at those points, is uncertain.
Leaky configurations of the ABS are supposed to yield higher pressure differences over the rainscreen and significant airflow rates, which would be expected to transport water droplets across openings and into the cavity (Van den Bossche, 2013). However, this was not observed to be the case. Given the sealed and leaky configurations of the ABS, the leaky configuration acquired a ratio A ab /A rs of 0.0018 (i.e. ratio of area of openings in ABS to that of rainscreen joints). This means that the area of openings in the rainscreen was much greater than the ones in the ABS. This ratio changed to 0 in the sealed configuration. According to Killip and Cheetham (1984) , 99% pressure equalization could be achieved, for instance, where A rs . 25-40A ab , considering a turbulent flow on the exterior side (large openings in the rainscreen) and a laminar flow on the interior side (small opening in the ABS). Hence, it was concluded that perfect pressure equalization was achieved as expected. It is quite obvious then that for these types of fac xade systems, given the airtightness levels and the configuration of the ABS, the applied pressure differences did not have an impact on water infiltration rates. However, the pressure moderation took longer in the leaky configuration, which is evident from the more disperse results.
Results obtained by Mas et al. (2011) reported a 55% of water infiltration inside the air cavity through vertical and horizontal joints of 8 mm. A value that is almost double that of results reported for this study. This difference can perhaps be explained by considering factors as may have contributed to variations in water deposition to the specimen. For example, factors such as the arrangement of the spraying system and the distance to the outermost surface of the specimen, the type of nozzles, the spraying angle of the nozzles, and the water flow axis. Mas et al. (2011) sprayed the specimen from a distance of 25 cm, whereas in these tests, it was sprayed from a distance of approximately 35 cm. Furthermore, a study conducted by the FVHF (2015) provides completely different results as well. For a width of joints of 8 mm and an air gap of 100 mm, it was determined that 16.6% of the sprayed water infiltrated inside the air cavity and 0.4% reached the exterior surface of the thermal insulation layer. The difference in the results reported in this article is difficult to attribute, given that the testing procedure, spraying system, subframe, and fixing system of the cladding kits are not reported in this article. In this regard, it is worth highlighting the moisture loads proposed for rain penetration as input to a hygrothermal model, in the absence of quantitative data. For instance, the default value prescribed in ASHRAE Standard 160 (2016) for water penetration through the exterior surface is 1% of the water deposited on that surface. This value is then assumed to be uniformly distributed on the exterior surface of the water-resistive barrier, which in the case of ventilated fac xades is the exterior surface of the thermal insulation layer. While 1% is proposed in the ASHRAE Standard, 0.54% was obtained from the laboratory test results reported in this article. These results suggest that the values for moisture loads in the ASHRAE Standard are somewhat conservative with respect to ventilated fac xades. It is useful to consider that the results obtained with hygrothermal simulation tools are particularly sensitive to the moisture boundary conditions, that is, the moisture loads assumed for a model (ASHRAE Standard 160, 2016) . Furthermore, the hygrothermal models can use a statistical approach to vary the exposure conditions and the material properties to undertake a risk analysis of the probability of water attaining the inner leaf of ventilated fac xades.
The outcomes showed that the primary source for water ingress into the cavity and onto the surface of the ABS layer was horizontal joints. Close to 26.7% (98% of the total collected) infiltrated into the air cavity and close to 0.43% (80% of the total collected) reached the ABS surface through horizontal joints (values obtained when vertical joints were taped in the specimen). These results are not in accordance with the ones published by the FVHF (2015) . FVHF (2015) has shown that 5.1% of water infiltrated into the air cavity and 0.3% reached the exterior surface of the thermal insulation layer when the rainscreen only had horizontal joints. Alternatively, 16.6% of water infiltrated into the air cavity and 0.4% reached the exterior surface of the thermal insulation layer when the rainscreen had horizontal and vertical joints. Hence, the study shown an increase of 11.5% in infiltration rates inside the air cavity and a comparatively incidental increase (0.1%) onto the thermal insulation layer when the rainscreen had vertical and horizontal joints compared to only having horizontal joints. This means that horizontal joints are not the primary source for water ingress into the air cavity, but they are for the water entry rates onto the exterior surface of the thermal insulation layer. Nevertheless, it should be noted that the thickness of the air gap was different in both cases: 60 mm when only horizontal joints were tested and 100 mm in the case of test with vertical and horizontal joints. In addition, ASHRAE Standard 160 (2016) does not address the appearance of vertical and/or horizontal openings in the building envelope when prescribing the moisture loads in the water-resistive barrier as input to the models for computer simulation tools.
According to Sacre´(1984) , the spray rate will not be a determining factor as to whether or not a component is watertight, but it will indeed affect the quantity of water that enters into the construction once infiltration is established. The outcomes clearly showed that the higher the water spray load onto the outermost surface of the test specimen, the higher the infiltration rate in all stages. Hence, it can be assessed that the amount of water deposited onto the test specimen can thus have a significant effect in constructions where the drainage capacity determines the performance (Van den Bossche, 2013) , as is the case of ventilated fac xades.
Furthermore, a very good correlation was obtained between the spray rate and infiltration rate parameters. Seo and Yoda (1972) , Lacasse et al. (2003) , and Sahal and Lacasse (2005) obtained a straight correlation between these two parameters. Nonetheless, the correlation obtained was not a straight line but fitted to a parabolic function. It seems that when there was a lot of water running down in the outermost surface of the test specimens, the effect of wind-driven rain at vertical and horizontal joints is prevented. Then, the water sprayed onto the surface of the test specimen acquires the runoff mode rather than the wind-driven rain effect at the open joints. Besides, the water runoff film over an impervious surface and for a long rain event decreases and yields a greater splash and bounce effect (Couper, 1974) . Therefore, the results suggest that for a given intensity of spray rate water entry within wall systems could indeed remain constant.
Concluding remarks
The primary conclusions drawn from this work include the following:
(1) As expected, the degree of pressure equalization in this type of fac xade with a high level of airtightness ensured that the applied pressure differences in front of the cladding did not have an impact on water infiltration rates. However, in reality, cross currents might exist if the corners of the cavities are not compartmentalized. (2) A ventilated fac xade could be designed as a PER wall. PER walls are not only about pressure equalization but also about the control of rain penetration through knowledge of the other forces that affect water ingress into wall systems. The laboratory tests showed that the infiltration rates within the wall system were largely sensitive to the kinetic energy of water droplets and local airflows. (3) The direct impact of rainwater onto the fac xade (i.e. wind-driven rain and splash and bounce effect) provides greater rates of water infiltration as compared to rates of water ingress due to runoff. This means that the location of the water spray nozzles affects the water infiltration results. Furthermore, the impact on water infiltration rates of the splash and bounce effect was underestimated. This phenomenon allows water droplets to reach critical points within the wall assembly, such as the brackets. (4) Surprisingly, the design of vertical joints did not have a large impact on the water entry rates in any of the locations. The amount of water reaching the ABS layer through vertical joints mostly did so by means of the splash and bounce effect and through horizontal joints. (5) When designing the layout of a ventilated fac xade, it is important to bear in mind that horizontal joints are more critical points than vertical joints. Therefore, installing an element blocking the horizontal opening could be interesting if one wants to reduce the amount of water reaching the water-resistive barrier. Note that whether or not this water introduces a problem depends on (a) the presence of deficiencies in the interior leaf and voids in the connection of the brackets, (b) whether or not the thermal insulation is moisture sensitive, and (c) whether the air cavity has the ability to drain water and dry out the droplets as may have adhered to the cavity surfaces without inducing failure. (6) The laboratory tests showed 49.7% of the sprayed water splashes back, 22.5% creates the runoff film along the exterior surface of the cladding, 27.3% infiltrates into the air cavity, and 0.54% reaches the exterior surface of the thermal insulation layer. These data not only enable the implementation of the fac xade system (i.e. guidance to building practitioners and manufacturers) but would also enhance the knowledge of boundary conditions within wall systems subjected to wind-driven rain loads. It can be used as input data for hygrothermal simulations to test the vulnerability of wall systems. Currently, default values for moisture loads on the water-resistive barrier are conservative. Hence, when considering the standards for moisture-control design analysis in buildings, a less stringent criterion can be adopted in this regard and based on the results provided in this study. (7) The cladding kit should be designed and installed so that water which penetrates in the air space (27.3%) is drained from the kit without accumulation or moisture damage or leakage into the substrate or to the wall cladding kit. At this point, the horizontal rails are critical points in the fac xade construction detail, as these components play the role of channels and as well the bottom border of the fac xade and the window-wall headers.
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Note
1. There is a confusion between the concept of ''ventilated fac xade'' as used in North America and Europe. In Europe, a ''ventilated fac xade'' denoted a cavity wall, whereas a ''rear'' or ''back-ventilated fac xade'' refers to a fac xade that uses an open rainscreen principle.
